A lthough several management options are available for the treatment of Achilles tendon rupture, open surgery is currently thought to provide better outcomes than conservative nonoperative approaches.
1,2 Postoperative functional rehabilitation involving early active motion and weight bearing has been reported to enhance tendon healing compared with postoperative cast im-
The use of early mobilization of the ankle joint without orthosis in the treatment of Achilles tendon rupture has been advocated as the optimal management. The goal of this study was to compare outcomes in a postoperative rabbit model of Achilles tendon rupture between early mobilization and immobilized animals using a differential proteomics approach. In total, 135 rabbits were randomized into the control group (n=15), the postoperative cast immobilization (PCI) group (n=60), and the early mobilization (EM) group (n=60). A rupture of the Achilles tendon was created in each animal model and repaired microsurgically, and tendon samples were removed at 3, 7, 14, and 21 days postoperatively. Proteins were separated using 2-dimensional polyacrylamide gel elec trophoresis and identified using peptide mass fingerprinting, tandem mass spectrometry, NCBI database searches, and bioinformatics analyses. A series of differentially expressed proteins were identified between groups, some of which may play an important role in Achilles tendon healing. Notable candidate proteins that were upregulated in the EM group were identified, such as CRMP-2, ga lactokinase 1, tropomyosin-4, and transthyretin. The healing of ruptured Achilles tendons appears to be affected at the level of protein expression with the use of early mobilization. The classic postoperative treatment of Achilles tendon rupture with an orthosis ignored the self-protecting instinct of humans. With a novel operative technique, the repaired tendon can persist the load that comes from traction in knee and ankle joint functional movement. In addition, kinesitherapy provided an excellent experimental outcome via a mechanobiological mechanism. [Orthopedics. 2016; 39(1):e117-e126.] mobilization; furthermore, there is a high prevalence of repeated rupture following nonoperative treatment. 3, 4 This is in agreement with the Kazakh traditional medicine theory, 5 which uses 6 factors-kengistik tugyr (space), turak tugyr (place), zharyk tugyr (light), karanggy tugyr (dark), ystyk tugyr (heat), and suwik tugyr (cold)-to describe movement, stillness, phenomenon, essence, and increases and decreases in natural heat energy, respectively. In Kazakh traditional medicine theory, postoperative early mobilization (EM), which includes movements of the ankle joint without postoperative fixation or orthosis, uses dynamic mechanical forces and tension to promote accelerated tendon healing. 5 In an effort to reduce the time to functional recovery, EM has been advocated by several research groups that have consistently shown a shorter time to full recovery, better plantar flexion strength, and a new adaptive overall volume regeneration of the Achilles tendon compared with immobilization until adequate healing has occurred. 4, 6, 7 Healing of the Achilles tendon is a complex and lengthy process that involves gene regulation and protein expression, in addition to cell mobilization and proliferation. It is a mechanism that constitutes a full systems biology approach, with distinct histological changes that show the critical roles during each stage of healing. In randomized, controlled animal trials, 5, 6, 8, 9 the current authors have previously reported a proteomic analysis of Achilles tendon tissue from 135 New Zealand White rabbit models of tendon rupture. Samples of tendon were taken at 3, 7, 14, and 21 days postoperatively from rabbits that underwent EM and compared with postoperative cast immobilization (PCI). The findings indicated that a series of proteins involved in various metabolism pathways were differentially expressed and may play an important role in Achilles tendon healing. 5, 6, 8, 9 The goal of the current study was to distinguish these proteins further using software combined with 2-dimensional (2-D) images and mass spectrometry. A further 99 proteins were identified to be differentially expressed in the EM group compared with immobilized controls. The ultimate aim of this study was to identify proteins that could be used as biomarkers for postoperative tissue healing.
Materials and Methods

Animals and Procedures
A total of 135 New Zealand White rabbits were included in the study and randomized into 3 groups using a table of random digits: normal control group (n=15); PCI group (n=60; rupture of the Achilles tendon plus cast immobilization with flexion of the knee joint at 75° and plantar flexion of the ankle joint at 90°); and EM group (n=60; rupture of the Achilles tendon plus early joint movement). Each rabbit received feed and water freely, which enhanced the degree of EM. 5, [8] [9] [10] Rabbits in any of the groups were excluded from the study if any of the following occurred: death, loosening of the plaster cast, infection, or a gap in the tendon greater than 1.0 mm postoperatively.
The experimental protocol was previously approved by the local research ethics committee (No. A-20080114008). Sample preparation, 2-D polyacrylamide gel electrophoresis, and mass spectrometry analyses were performed as described in the literature. 5, 6, 8, 9 The control rabbits did not undergo surgery, and unilateral samples of Achilles tendon were only removed after sacrifice, whereas the rabbits in the PCI and EM groups underwent a tenotomy and subsequent Achilles tendon microsurgery. The tenotomy was performed unilaterally 1.6 cm above the insertion of the tendon into the calcaneus after antisepsis, sedation, and local anesthesia using 5 mL injected 10% lidocaine hydrochloride.
The microsurgical technique used to repair the Achilles tendon defect is a novel approach developed by the authors and named the yurt-bone suture method. The detailed procedure is available elsewhere. [4] [5] [6] 8, 9, 11 The PCI group and EM group were performed as described previously. For the EM group, the frequency of movement (squatting and standing cycles) was approximately 150±15 times per day. For the latter, the frequency of movement (squatting and standing cycles) was approximately 150±15 times per day.
Preparation of Samples
At day 3, 7, 14, and 21 following Achilles tendon microsurgery, the rabbits in the 3 groups were sacrificed, and 0.5×0.5×0.5-cm 3 samples of Achilles tendon were resected from equivalent areas of the repaired Achilles tendon. The attached epitenon tissues were removed with caution, and the samples were rinsed thoroughly 3 times using 0.9% saline solution (at 4°C) and then snap-frozen in liquid nitrogen. 5, 6, 8, 9 The Achilles tendon tissues were thawed, cut into small pieces with scissors, and rinsed using phosphate-buffered saline. Then, 50-mg samples of Achilles tendon were crushed with a mortar, and the protein lysates were extracted using a cocktail solution (4%
, 50 mmol/L dithiothreitol, 0.1% phenylmethanesulfonyl fluoride [PMSF], 7 mol/L urea, 2 mol/L thiourea) and centrifuged at 16,000 rpm for 45 minutes at 4°C. The protein concentration was quantified based on the Bradford method using a ReadyPrep 2-D Cleanup Kit (Bio-Rad Laboratories, Inc, Hercules, California). 
2-D Polyacrylamide Gel Electrophoresis
The proteins were first separated through isoelectric focusing according to their isoelectric point. Briefly, 400 µg of the protein sample was loaded per 18 cm immobilized (solid state) pH gradient (IPG) strip with a nonlinear pH range of 3 to 10 by in-gel rehydration. Each strip was overlaid with 2 to 3 mL of mineral oil to prevent evaporation during the rehydration process. The IPG strip was then placed on the tray, and isoelectric focusing was performed at 20°C using the IPG-Phor isoelectric system (Amersham Pharmacia Biotech Inc, Uppsala, Sweden). The initial voltage was set at 250 V and raised stepwise until 4000 V to remove salt. The proteins were focused for 8 hours at 8000 V.
After focusing, the IPG strip was removed and the mineral oil was drained off the IPG strip using wet filter paper. Proteins immobilized on the IPG strip were then placed on 12% sodium dodecyl sulfate polyacrylamide gel (thickness: 1 mm) and separated based on their molecular weight using a Protean II electrophoresis system (Bio-Rad Laboratories, Inc) at 15 mA/gel. Subsequently, the 2-D gel was silver-stained with reference to a modified method that enabled a direct mass spectrometry characterization. 12 The gel was then scanned using a GS-800 molecular imaging system (Bio-Rad Laboratories, Inc), and spot detection, spot matching, and quantitative intensity analysis were performed using PDQuest version 8.0 statistical software (Bio-Rad Laboratories, Inc). The gel images were normalized according to the total quantity in the analysis set, and differentially expressed proteins were defined by measuring the density values of the protein spots. A difference in the abundance of the protein spots equal to five-fold was nominated as the cutoff threshold. This was analyzed using Student's t tests based on the 6 density values obtained for 1 protein spot, and a P value less than .05 was considered statistically significant. 5, 6, 8, 9 Mass Spectrometry Analysis Differentially expressed spots were excised from the gel using a spot cutter (Amersham Pharmacia Biotech Inc), and proteins were in-gel digested with trypsin and extracted as peptides. Each sample was suspended in 0. . Then, the mixture was immediately spotted onto the polished stainless steel matrix-assisted laser desorption/ ionization (MALDI; Bruker Daltonik GmbH, Bremen, Germany) target plate and allowed to dry and crystallize at room temperature. Mass spectrometry was performed using a 4700 Proteomics Analyzer (TOF/TOF; Applied Biosystems, Foster, California) equipped with a 337-nm Nd:YAG laser.
The proteins were identified by peptide mass fingerprinting and tandem mass spectrometry using MASCOT version 1.9 (Matrix Science, London, United Kingdom) against the SWISS-PROT database (UniProtKB, Bern, Switzerland) using GPS Explorer software (Applied Biosystems).
results
After the exclusion criteria were applied, 13 rabbits from the control group, 47 from the PCI group, and 54 from the EM group were included in the final analysis. Two-dimensional maps of the proteins indicated that most protein spots were concentrated in the pH range of 3.5 to 9.
After 3 days, 40 unique protein spots were evident in the PCI group compared with 36 in the EM group. After 7 days, there were 47 unique protein spots in the PCI group compared with 21 spots in the EM group, and by 14 days, the numbers were 38 and 18, respectively. At 21 days, there were only 8 unique protein spots in the PCI group, 9 in the EM group, and 15 in the control group.
In terms of quantitative differences, there were 26 protein spots in the PCI group that were expressed at five-fold higher levels compared with the EM group at 3 days postoperatively, whereas only 10 protein spots in the EM group were expressed significantly more than in the PCI group (P<.05). The simulation 2-D gel protein spot on the target plate number equated to optical density × the spot area. The optical density of the content was based on a spot point for protein relative quantitative analysis. By 7, 14, and 21 days postoperatively, this had changed to 29, 24, and 11 protein points, respectively, in the PCI group that were expressed at 5-times-higher levels than the EM group, compared with 25, 25, and 11 protein spots, respectively, expressed at higher levels in the EM group. In the samples from the control group, 23 protein spots were expressed at levels that were five-fold higher in the PCI group, and these protein spots were expressed at levels that were downregulated compared with the EM group.
Identification of Differentially Expressed Proteins
This study detected a further 31 differentially expressed proteins at 3 days postoperatively (Table 1) , 16 at 7 days ( Table  2 ), 14 at 14 days ( Table 3 ) and 7 at 21 days (Table 4) in the EM group, in addition to those previously identified at those time points. 5, 6, 8, 9 Of the 10 protein spots that were significantly more expressed in the EM group than the PCI group at 3 days, tetranectin precursor (TN), chronic lymphocytic leukemia-associated antigen KW-4 splice variant 2, hypothetical protein, keratocan, and actin prepeptide were identified. A complete list of those proteins upregulated in the EM group is shown in Tables 1-4 .
discussion
In the current study, rabbits successfully underwent EM after the repair of a simulated Achilles tendon rupture, which was controlled by self-conditioned reflex activities, including freedom of movement and squat-stand up feeding. These functional exercises of eccentric training are similar to human movements in clinical settings. 8, 11 In this model, as a result of pain and fear, the major activities in the first 3 days consist of nonweight-bearing active movements and a limited range of motion of the ankle. However, Achilles tendon repair must maintain the tension and micromovement of the tendon. After approximately 3 days, the pain slightly reduces and rabbits are able to increase their weight-bearing activities, including
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Copyright © SLACK inCorporAted n Feature Article The mechanical stimulation may excite a series of force-or stressrelated proteins, such as d i h y d r o py r i m i d i n a s erelated protein 2 or collapsin response mediator protein 2 (CRMP-2), transforming growth factor (beta-induced 68 kDa), tropomyosin alpha-4 chain isoform 2, galactokinase 1, tropomyosin-4, spermidine synthase, transthyretin, calgranulin B, and Gag, among others.
Proteins' Roles During Achilles Tendon Healing
Collapsin response mediator protein 2 is a stressor force-reactive protein, 8 which may be involved in the recycling of other neuronal proteins. Its processing has an effect on both cytoskeletal reorganization and membrane trafficking. Cdk5-CRMP1/2 signaling regulates dendritic morphology after neurons have migrated to their final location. 14 Transforming growth factor (beta-induced 68 kDa) is an extracellular matrix protein that plays a role in a wide range of physiological and pathological conditions, including diabetes mellitus, corneal dystrophy, and tumorigenesis. It is involved in cell growth, cell differentiation, wound healing, and cell adhesion; plays Peroxidase activity a role in cell-collagen interactions; and may be involved in endochondral bone formation in cartilage. 12, 14 The tropomyosin alpha-4 chain isoform 2 is a dimer of coiledcoil proteins that polymerize end-to-end along the major groove in most actin filaments and with cytoskeletal and calmodulin functions. They provide stability to the filaments and regulate access of other actin-binding proteins, and it is a marker of growth and repair/regeneration in response to injury, disease state, and stress in skeletal muscle. 15, 16 Galactokinase 1 is a major enzyme for the metabolism of galactose, with an important metabolic role. Defects in the human enzyme can result in the diseased state referred to as galactosemia, most recently for its use via "directed evolution" to create new natural and unnatural sugar 1-phosphates, and under suitable conditions galactokinase-like molecules function as a transcriptional regulator. 17 Spermidine synthase is an important enzyme in the synthetic pathway of polyamines in donovani, is an essential element for the survival of this protozoan, catalyzes the production of spermidine from putrescine and decarboxylated Sadenosylmethionine, and plays a crucial role in cell growth, proliferation, and differentiation. 18 The transthyretin is a major protein in extracellular fluids. It was first identified in human cerebrospinal fluid. l-Thyroxine (T4) may bind to transthyretin synthesized in the choroid plexus epithelial cells or pass through the choroid plexus and bind transthyretin in the cerebrospinal fluid. It functioned as a thyroid hormone distributor, a carrier for retinol via binding to retinol-binding protein, and a protector against apoptosis. 19 Calgranulin B (S100A9) is a small calcium-binding protein with several immunological functions mainly involved in chronic inflammation and cancer. It acts as a danger signal when secreted to the extracellular space, is thought to play an important role during tumorigenesis, and promotes the proliferation and dif- ferentiation on cell and in the interplay among inflammation, angiogenesis, and tumorigenesis. 20 It increases the phosphorylation of p38 and ERK1/2mitogen-activated protein kinases (MAPKs) in HepG2 cells. When the phosphorylation of p38 is inhibited by SB203580 (a p38 inhibitor), the S100A9-induced cell invasion is reversed; when the phosphorylation of ERK1/2 is inhibited by PD98059 (an ERK1/2 inhibitor), the S100A9-induced cell proliferation is reversed. The vinculin protein is a key player in mediating cell adhesion, motility, and cellular response to force 21 and is important for transmitting mechanical forces and orchestrating mechanical signaling events. 22, 23 Therefore, it is also a stress-reactive protein. Its ability to interact with integrins to the cytoskeleton at the focal adhesion appears to be critical for control of cytoskeletal mechanics, cell spreading, and lamellipodia formation. Thus, it appears to play a key role in shape control based on its ability to modulate focal adhesion structure and function.
Differentially Expressed Proteins in Achilles Tendon Samples in the Early Mobilization Group 7 Days Postoperatively
The current study aimed to assess proteins that are markers of rapid cellular growth and signal transduction pathways during tendon healing, particularly after EM. The aforementioned proteins are involved in a wide range of biochemical processes, including cell proliferation, 
Limitations
There were several limitations to this study. First, although proteomic analyses were used to identify differentially expressed proteins, the authors have not yet been able to validate the protein expression of the newly identified proteins respectively, such as transthyretin, spermidine, calgranulin B, and vinculin. However, ongoing research will be reported in the future. Second, a total of 237 protein spots were found during a different healing period and 196 proteins was successfully identified (protein scores >71 were significant; P<.05); however, these data do not indicate that there are specific interacting mechanisms between the differentially expressed proteins. Extensive bioinformatic analysis and further experiments are needed to clarify this. Further study will be needed to determine their role, if any, in tissue repair. These will include conditional knockout or gene-silencing experiments, as well as protein overexpression studies. Clinical studies will also be needed to determine whether changes in protein expression are apparent in humans. In addition, further studies should evaluate the age of the patient and various modes of operative treatment (open primary repair, mini-open technique, and augmentation with allograft material such as human cellular matrix).
conclusion
In the current study, novel differentially expressed proteins were detected in samples of Achilles tendon from an animal model of ruptured tendon repair that underwent different postoperative management strategies, with either early mobilization or immobilization. These included tropomyosin alpha-4 chain, galactokinase 1, tropomyosin-4, spermidine synthase, transthyretin, calgranulin B, and CRMP-2, among others, which could constitute useful new biomarkers of tendon healing during early mobilization. These results provide further insight into the mechanobiological effects of EM in the healing of the Achilles tendon. Further studies are needed to determine the specific functional role of these proteins in tissue healing.
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